Adenosine 5-triphosphate (ATP), an important intracellular energy source, is also an extracellular neurotransmitter that controls cell functions via cell surface receptors[@b1][@b2]. P2X receptors are trimeric cation channels that permeate a wide range of monovalent and divalent cations, by responding to extracellular ATP[@b3][@b4][@b5]. In the P2X receptors, each subunit has two transmembrane helices, connected by a relatively large extracellular domain. Seven subtypes of P2X receptors, named P2X1 to P2X7, are widely expressed in excitable and non-excitable cells, and are involved in diverse physiological processes such as muscle contraction, nociception, taste signal transduction and macrophage activation[@b6][@b7]. Accordingly, P2X receptors have attracted great interest as potential drug targets for the treatment of epilepsy, neurodegenerative disorders, and chronic inflammation[@b8][@b9][@b10]. The previously determined crystal structures of zebrafish P2X4 (zfP2X4)[@b11][@b12], tick P2X (amP2X)[@b13] and human P2X3 (hP2X3)[@b14] in the presence or absence of ATP revealed the overall architecture of the receptor and provided structural insights into the molecular mechanisms of ATP binding and ATP-dependent gating cycle. More recently, the crystal structures of the panda P2X7 (pdP2X7) receptor provided the molecular basis of the subtype-specific non-competitive antagonist recognition in P2X7 receptors[@b15].

While P2X receptors lack affinities for GTP and UTP, some P2X receptors have weak affinity for CTP (20 to 50 of times lower affinity than for ATP)[@b16][@b17][@b18]. The ATP-bound zebrafish P2X4 structure, and the superimposition of other nucleoside triphosphates onto its ATP binding site, suggested a possible model for the nucleotide base specificity of P2X receptors[@b12]. According to the proposed model based on the ATP-bound structure, a conserved threonine residue within the agonist binding site forms a hydrogen bond with the adenine ring of ATP, but not with the cytosine ring of CTP, and the difference in the number of hydrogen bonds between each nucleotide base and P2X receptors (three for ATP, two for CTP) is responsible for the weaker affinity for CTP over ATP[@b12]. However, the mechanism of the nucleotide base specificity of P2X receptors remains elusive, due to the lack of structural information for the P2X receptor in complex with other nucleoside triphosphates, particularly the low-affinity pyrimidine agonist, CTP. In addition, the mechanism of the pyrimidine base recognition by P2X receptors is quite interesting from the viewpoint of structure-based drug design, because some pyrimidine derivatives act as P2X antagonists[@b19][@b20].

In this study, we determined the crystal structure of zebrafish P2X4 in complex with CTP, and conducted structure-based electrophysiological and spectroscopic analyses to reveal the mechanism underlying the nucleotide base specificity of P2X receptors.

Results
=======

The nucleotide base specificity of zebrafish P2X4
-------------------------------------------------

To assess the nucleotide base specificity of zebrafish P2X4 (zfP2X4), we first performed Two Electrode Voltage Clamp (TEVC) recording of *Xenopus* oocytes. As shown previously[@b21], the initial "priming" application with a low concentration of ATP increases P2X receptors sensitivity to second or more applications of ligands, which is useful for evaluating the affinity of ligands. Therefore, we expressed zfP2X4 in oocytes and recorded the zfP2X4-associated currents evoked by the application of high concentrations (1 mM) of nucleoside triphosphates (ATP, CTP, GTP and UTP), following the prior application of 100 μM ATP. We detected specific ATP- and CTP-evoked currents ([Fig. 1A,B](#f1){ref-type="fig"}), but not GTP- and UTP-evoked currents ([Fig. 1C,D](#f1){ref-type="fig"}), consistent with the previous electrophysiological analyses of P2X receptors[@b16][@b17][@b18][@b22][@b23][@b24][@b25][@b26].

Structure of the CTP-bound zfP2X4
---------------------------------

To investigate the CTP recognition mechanism, we crystallized zebrafish P2X4 constructs (ΔP2X~4~-C) in the presence of 3 mM CTP (about 7,600-fold excess over the IC~50~ (ref. [@b12])). We collected X-ray diffraction data at 2.8 Å resolution, and determined the structure ([Fig. 2](#f2){ref-type="fig"}). The subunit of CTP-bound structure ([Fig. 2A,B](#f2){ref-type="fig"}) is quite consistent with that of the previously determined ATP-bound structure ([Fig. 2D,E](#f2){ref-type="fig"}), with root mean square deviation (RMSD) values below 0.4 Å for 324 Cα atoms ([Supplementary Fig. S1B](#S1){ref-type="supplementary-material"}), indicating that CTP can trigger the conformational changes similar to those by ATP.

The overall structure forms a chalice-like shape assembled into a homotrimeric architecture, with a large extracellular domain and a small transmembrane domain, that is consistent with the previously determined P2X structures[@b11][@b12][@b13][@b14][@b15]. Each subunit has two transmembrane helices and resembles the shape of a dolphin[@b11] ([Supplementary Fig. S1A](#S1){ref-type="supplementary-material"}). We observed a strong residual electron density for the nucleoside triphosphate at the agonist binding site ([Fig. 2C](#f2){ref-type="fig"}). The phosphate groups adopt a unique bent conformation and are directly recognized by the side chains of N296, R298, K316 from one subunit, and K70 and K72 from the adjacent subunit ([Fig. 3A,B](#f3){ref-type="fig"}), consistent with the ATP-bound structure ([Fig. 3C,D](#f3){ref-type="fig"}). The shape of the electron density for the base group was smaller than that in the ATP-bound structure ([Fig. 2C,F](#f2){ref-type="fig"}), and could be readily assigned as the cytosine of the CTP molecule.

Cytosine base recognition
-------------------------

The CTP-bound structure revealed the mechanism of cytosine base recognition by the receptor ([Fig. 3](#f3){ref-type="fig"}). While the side chain of the conserved threonine, T189, forms a hydrogen bond with the adenine ring in the ATP-bound structure ([Fig. 3C,D](#f3){ref-type="fig"}), there is no equivalent hydrogen bond between the cytosine ring and the side chain of T189 in the CTP-bound structure ([Fig. 3A,B](#f3){ref-type="fig"}). Instead, we identified another hydrogen bond between the cytosine base and the receptor. The O atom of the cytosine interacts with the side chain of R143 ([Fig. 3A,B](#f3){ref-type="fig"}), which had not been predicted in the previous superimposed model based on the ATP-bound structure[@b12]. Furthermore, the NH~2~ atom of cytosine is recognized by the main chain carbonyl oxygen atoms of K70 and T189 ([Fig. 3A,B](#f3){ref-type="fig"}), as similarly observed in the ATP-bound structure ([Fig. 3C,D](#f3){ref-type="fig"}), but their bond lengths seem to be 0.4--0.5 Å longer in the CTP-bound structure ([Fig. 3B,D](#f3){ref-type="fig"}). Although it is difficult to conclude whether these bonds are really extended or not at this resolution of 2.8 Å, it should be noted that the residues constituting the agonist binding site are well ordered with lower B-factors and clear electron density in both the ATP-bound and CTP-bound structures ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}).

Overall, the structural comparison between the CTP-bound and ATP-bound structures suggested that both CTP and ATP form three hydrogen bonds between their nucleotide bases and the receptor, but employ different residues ([Fig. 3](#f3){ref-type="fig"}). This result totally differs from the previously proposed model by superposing CTP onto ATP in the ATP-bound structure, in which the cytosine ring of CTP was predicted to form only two hydrogen bonds with the receptor[@b12].

Mutation assay of the amino acid residues at the agonist binding site by Electrophysiology
------------------------------------------------------------------------------------------

To further investigate the functional roles of the residues involved in the base recognition, T189 and R143, we performed an electrophysiological analysis with the rat P2X4, since its electrophysiological properties have been well established[@b27][@b28][@b29][@b30]. We first assessed the functional role of T189 in zfP2X4 and introduced mutations at the equivalent residue of the rat P2X4 to create three mutants (^**r**^T186A, ^**r**^T186V and ^**r**^T186S; the superscript "r" means rat P2X4). While ATP- and CTP-evoked currents were detected from oocytes expressing the ^**r**^WT and the ^**r**^T186S mutant, no ATP- and CTP-evoked currents were detected from oocytes expressing the ^**r**^T186A and ^**r**^T186V mutants ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}), indicating the hydrophilic environment provided by the side chain of amino acid residue at this position might be important for the channel activity. Therefore, we examined the ^**r**^WT and the ^**r**^T186S mutant. We analyzed the dose-response relationships to ATP and CTP in the ^**r**^WT and the ^**r**^T186S mutant, while no GTP- and UTP-evoked currents were detected from the ^**r**^WT and the ^**r**^T186S mutant ([Supplementary Fig. S4A,B](#S1){ref-type="supplementary-material"}). The ^**r**^T186S mutant exhibited reduced ATP affinity (EC~50~ = 29.9 ± 3.1 μM, n = 9) ([Fig. 4C,I](#f4){ref-type="fig"}) as compared with ^**r**^WT (EC~50~ = 16.2 ± 5.4 μM, n = 9) ([Fig. 4A,I](#f4){ref-type="fig"}), whereas the ^**r**^T186S mutant exhibited similar CTP affinity (EC~50~ = 557 ± 120 μM, n = 9) ([Fig. 4D,I](#f4){ref-type="fig"}) as compared with ^**r**^WT (EC~50~ = 564 ± 170 μM, n = 9) ([Fig. 4B,I](#f4){ref-type="fig"}). These results are consistent with the ATP-bound and CTP-bound structures in which the side chain of ^r^T186 forms a hydrogen bond with the adenine ring, but not with the cytosine ring ([Fig. 3](#f3){ref-type="fig"}).

Next we assessed the functional role of R143 in zfP2X4, as its side chain forms a hydrogen bond with the cytosine ring in the CTP-bound structure ([Fig. 3A,B](#f3){ref-type="fig"}). This arginine residue is substituted with a similar basic residue, histidine (^r^H140), in rat P2X4 ([Fig. 3E](#f3){ref-type="fig"}). Since the side chain of arginine is also suggested to interact with the O atom of the cytosine, we created and tested the corresponding mutants (^r^H140A and ^r^H140R) of ^r^H140. We analyzed the dose-response relationships to ATP and CTP in the ^**r**^WT and the ^**r**^H140 mutants, while no GTP- and UTP-evoked currents were detected from the ^**r**^WT and the ^**r**^H140 mutants ([Supplementary Fig. S4A,C,D](#S1){ref-type="supplementary-material"}). The ^**r**^H140A mutant exhibited about 2.5-fold reduced ATP affinity (EC~50~ = 42.8 ± 6.3 μM, n = 8) ([Fig. 4E,J](#f4){ref-type="fig"}) and 14-fold reduced CTP affinity (EC~50~ = 7,990 ± 1,500 μM, n = 7) ([Fig. 4F,J](#f4){ref-type="fig"}) as compared with ^**r**^WT while the ^**r**^H140R mutant exhibited about 2-fold reduced both ATP affinity (EC~50~ = 39.4 ± 5.0 μM, n = 10) ([Fig. 4G,K](#f4){ref-type="fig"}) and CTP affinity (EC~50~ = 1100 ± 140 μM, n = 9) ([Fig. 4H,K](#f4){ref-type="fig"}) as compared with ^**r**^WT.

The large decrease in the CTP affinity of the ^r^H140A mutant suggested that the hydrogen bond between the basic residue and the cytosine is also conserved in rat P2X4, and is responsible for the affinity for CTP. ^r^H140 is similarly conserved among the P2X1 and P2X4 receptors, primarily as a basic amino residue ([Fig. 3E](#f3){ref-type="fig"}). Furthermore, P2X3 receptors possess a conserved basic residue as the neighbor of ^r^H140 ([Fig. 3E](#f3){ref-type="fig"}). Consistently, CTP functions as a weak affinity agonist for P2X1 (ref. [@b25]), P2X3 (ref. [@b18]) and P2X4 (refs [@b22] and [@b26]).

Infrared difference spectroscopy upon the ATP and CTP binding
-------------------------------------------------------------

To further investigate the nucleotide binding specificity of zfP2X4, we applied ligand-binding induced difference Attenuated total reflectance (ATR)-Fourier-transform infrared (FTIR) spectroscopy on the WT and conserved threonine mutants (T189S and T189V) of zfP2X4.

[Figure 5](#f5){ref-type="fig"} and [Supplementary Fig. S5](#S1){ref-type="supplementary-material"} compare the difference infrared spectra upon binding of ATP or CTP to the WT and conserved threonine mutants (T189S and T189V) of zfP2X4. The positive side corresponds to the nucleotide-bound state and the negative side to the unbound state, respectively. Several positive bands observed in the 1250--850-cm^−1^ region would be assigned to the P-O stretching modes of a triphosphates group in ATP or CTP as shown in the previous study for small G-protein RAS with GTP[@b31]. The P-O stretching bands of ATP and CTP are very similar to each other among the WT and conserved threonine mutants (T189S and T189V) ([Supplementary Fig. S5A](#S1){ref-type="supplementary-material"}). The small spectral changes are confirmed in the double difference spectra calculated from the ATP and CTP binding-induced spectra as well ([Supplementary Fig. S5B](#S1){ref-type="supplementary-material"}). Therefore, the triphosphate groups of ATP and CTP are similarly accommodated in the agonist binding site of P2X receptors, which is consistent with the crystal structures ([Fig. 3](#f3){ref-type="fig"}). Moreover, the spectra in the P-O stretching region are similar among the WT and conserved threonine mutants (T189S and T189V), which suggest that the agonist binding site of the triphosphate group is not perturbed by these mutations. Together with the results from the electrophysiological analysis ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}), these results might indicate that the ligand binding to P2X receptors is not sufficient for the channel gating.

The nucleotide binding affinity of zfP2X4 was analyzed by reduction of the band intensity after washing treatment ([Fig. 5](#f5){ref-type="fig"}). The reduction of the P-O stretching bands between 1250--800 cm^−1^ was monitored for ATP ([Fig. 5A](#f5){ref-type="fig"}). After 15--30 min washing, the residual ATP binding to the WT, T189S, and T189V are \~80%, \~60%, and 10%, respectively ([Fig. 5B](#f5){ref-type="fig"}), and the values for CTP in the WT, T189S and T189V are \~50%, \~30%, and \~30%, respectively ([Fig. 5B](#f5){ref-type="fig"}). We repeated the same experiments and obtained similar results. Therefore, the data showed that the mutation at T189 had more severe effect on the ATP binding than CTP binding, consistent with the ATP-bound and CTP-bound structures ([Fig. 3B,D](#f3){ref-type="fig"}).

Discussion
==========

In this study, we determined the crystal structure of zebrafish P2X4 in complex with CTP, a low-affinity pyrimidine agonist, and conducted the structure-based electrophysiological and ATR-FTIR spectroscopic analyses. The previously determined ATP-bound structure indicated the functional importance of the conserved threonine for the nucleotide base specificity of the P2X receptors, and suggested that the difference in the number of hydrogen bonds between each nucleotide base and the P2X receptors (three for ATP, two for CTP) is responsible for the weaker affinity for CTP over ATP[@b12].

Our structural and functional analyses not only verified the functional significance of the conserved threonine at the binding site, but also identified a hydrogen bond between the cytosine base and the basic residue in the agonist binding site, which contributes to CTP binding to the receptor. Accordingly, unlike the previously proposed model, the cytosine base of CTP would be also able to form three hydrogen bonds with the receptor, but possibly with two longer hydrogen bond lengths at the NH~2~ site of CTP ([Fig. 6A,B](#f6){ref-type="fig"}). Therefore, the longer hydrogen bond lengths, rather than the difference in the number of hydrogen bonds, might be mainly responsible for the weaker affinity for CTP over ATP.

Furthermore, the CTP-bound structure also facilitated a reevaluation of the superimposed models of other nucleotide triphosphates onto the agonist binding site ([Fig. 6C,D](#f6){ref-type="fig"}). In the new superimposed models, both GTP and UTP can form only one hydrogen bond between their base rings and the receptor, due to the almost reciprocal hydrogen bonding groups of their base rings, as compared to those of ATP and CTP, respectively ([Fig. 6C,D](#f6){ref-type="fig"}), confirming the explanation for the inability of GTP and UTP to activate P2X receptors.

Overall, our work has revised the previously proposed model for the nucleotide base specificity of P2X receptors, and thus provides new structural insights into the mechanism underlying the nucleotide base specificity. Intriguingly, according to the recent electrophysiological analysis, P2X receptors can be activated by nucleotides other than ATP, such as CTP, at a physiological concentration following an exposure to low concentrations of ATP[@b21]. Thus, our work might draw more attention to the possible physiological roles of CTP in P2X receptor functions.

Furthermore, P2X receptors have attracted great interest as potential drug targets, and the recent structures of the human P2X3 receptor in complex with the competitive antagonists[@b14] and the panda P2X7 receptor in complex with the non-competitive antagonists[@b15]. In this report, we revealed the mechanism of pyrimidine base recognition by P2X receptors. Intriguingly, some pyrimidine derivative compounds, such as RO-3, work as P2X antagonists[@b20], and pyrimidine derivatives targeting P2X receptors may also interact with the receptors in a similar manner. Accordingly, our work might contribute to the further development of pyrimidine derivative antagonists targeting P2X receptors.

Materials and Methods
=====================

Two-Electrode Voltage Clamp Recordings in *Xenopus laevis* oocytes
------------------------------------------------------------------

The cRNAs encoding zebrafish P2X4 (NP_705939; WT) and rat P2X4 (NP_113782.1; WT and mutants) were transcribed from pGEMHE plasmids[@b32], using a mMessage mMachine^®^ T7 ULTRA kit (Ambion, Huntingdon, Cambridgeshire, UK). *Xenopus laevis* oocytes were prepared, and RNA (100 ng for zebrafish P2X4, and 20 ng for rat P2X4) was injected into the oocytes[@b33][@b34]. The oocytes were incubated at 18 °C in Barth's solution, containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO~3~, 10 mM HEPES, 0.33 mM Ca(NO~3~)~2~, 0.41 mM CaCl~2~, and 0.82 mM MgSO~4~, pH 7.4, supplemented with 50 μg/ml gentamicin, and were used for recording after 2--3 days. Recording solutions contained 100 mM NaCl, 5 mM HEPES, 2 mM MgCl~2~, pH 7.3, and nucleoside triphosphates (ATP, CTP, GTP, and UTP), which were freshly prepared each day. Oocytes were held at −70 mV with a bath-clamp amplifier (OC-725C, Warner Co., USA), and macroscopic currents were recorded and analyzed using the pClamp 10 software (Molecular Devices, USA)[@b33][@b34]. We measured n = 4 for zebrafish P2X4 data and n = 7--9 for rat P2X4 data.

Protein expression and purification
-----------------------------------

The vector for the expression of the N-terminally GFP-tagged ΔP2X~4~-C was kindly provided by Dr. Eric Gouaux (Oregon Health and Science University). The protein expression, purification and following crystallization were performed as described previously[@b12]. In brief, we used the same construct, ΔP2X4-C (ΔN27/ΔC24/N78K/N187R), that yielded the ATP-bound crystals. This construct was expressed in Sf9 insect cells as an N-terminal EGFP fusion, with an octa-histidine affinity tag and a thrombin cleavage site between the ΔP2X~4~-C and EGFP. For crystallization, 1 mM ATP and 3 mM CTP were added to the purified ΔP2X~4~-C protein (final 2 mg/ml), to obtain the ATP-bound and the CTP-bound ΔP2X~4~-C crystals, respectively. The ATP-bound ΔP2X~4~-C crystals were used as nuclei for cross-seeding to obtain the CTP-bound ΔP2X~4~-C crystals.

Protein crystallization
-----------------------

The ATP-bound ΔP2X~4~-C crystals were grown at 4 °C in 3--4 days by the vapor diffusion method, by mixing 1:1, 2:1, or 1:2 (v/v) ratios of protein and reservoir solutions, as described previously[@b12]. The "1st-generation" CTP-bound ΔP2X~4~-C crystals were grown at 4 °C in 3--4 days, in mixtures of 1:1, 2:1, or 1:2 (v/v) ratios of protein and reservoir solutions, containing 20--26% PEG 2000, 300 mM Mg(NO~3~)~2~, and 100 mM Tris, pH 8.0, by the cross-seeding method using the ATP-bound ΔP2X~4~-C crystals as nuclei. The "2nd-generation" CTP-bound ΔP2X~4~-C crystals were grown under the same conditions, by the cross-seeding method using the "1st-generation" CTP-bound ΔP2X~4~-C crystals as nuclei. The "2nd-generation" CTP-bound ΔP2X~4~-C crystals were harvested and cryoprotected, in a solution containing 25% PEG 2000, 300 mM Mg(NO)~3~, 100 mM Tris, pH 8.0, 25% glycerol, 0.5 mM DDM (n-dodecyl-β-D-maltoside) and 3 mM CTP. Crystals were flash-frozen in liquid nitrogen for X-ray diffraction experiments.

Data collection and structure determination
-------------------------------------------

X-ray diffraction data were collected at 100 K on the SPring-8 beamline BL41XU (Hyogo, Japan). Diffraction data were processed using HKL2000 (HKL Research Inc.). The structure of CTP-bound ΔP2X~4~-C was obtained by molecular replacement with Phaser[@b35], using the ATP-bound ΔP2X~4~-C structure (PDB code 4DW1) as the template. The determined structure was further refined by using the programs PHENIX[@b36] and COOT[@b37]. Crystallographic data and refinement statistics are presented in the table ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). All figures were prepared with the CueMol software (<http://www.cuemol.org>).

ATR-FTIR measurement
--------------------

The perfusion-induced difference FTIR spectroscopy was performed as similarly to the previous studies[@b38][@b39][@b40]. Each zfP2X4 protein was reconstituted into liposome at a protein:lipid (POPC) ratio of 1:100 (mol/mol) in the presence of buffer A (150 mM NaCl, 20 mM HEPES, pH7.0). After exchanging the buffer to 2 mM NaHPO~4~, 10 mM NaCl, pH7.5, the reconstituted liposomes containing \~6 μg of the purified zfP2X4 protein were placed on a diamond ATR crystal (Smith Detection, DurasamplIR II, nine effective internal reflections with an incident angle of 45°). After drying in a gentle stream of N~2~, the sample was filled with buffer A. Before obtaining the spectrum, the sample was washed with buffer A at a flow rate of 1 ml/min for \~1 h. ATR-FTIR spectra of the samples were recorded at 25 °C and 2 cm^−1^ resolution using a VERTEX 70 spectrometer (Bruker Optics) equipped with a liquid-nitrogen-cooled MCT detector. A spectrum of the sample in buffer A was recorded, and the buffer was then switched to buffer A containing 10 μM ATP or CTP, and after washing for 15 min to reach equilibrium, the spectrum of the sample in the presence of the nucleotides was recorded. For each spectrum, 768 interferograms were collected. The obtained difference spectra were normalized based on the absolute absorbance of the amide I band at 1653 cm^−1^, which well correlates with the quantities of the proteins on the ATR crystals. The absolute absorption spectra of the zfP2X4 proteins immersed in buffer A were obtained by subtracting the buffer contribution. After measurement of the absorption spectra before and after the buffer exchange, the difference spectra were calculated by subtracting the two spectra and then correcting for changes due to membrane swelling and non-specific distortions associated with addition of the ligands.
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![Current responses of zebrafish P2X4 evoked by nucleoside triphosphates.\
(**A**--**D**) Representative currents of zebrafish P2X4 WT, evoked first by 100 μM ATP and then by (**A**) 1 mM ATP, (**B**) 1 mM CTP, (**C**) 1 mM GTP and (**D**) 1 mM UTP. Each nucleotide was applied for 10 sec. The holding potential was −70 mV.](srep45208-f1){#f1}

![Overall comparisons of the CTP-bound and ATP-bound ΔP2X~4~-C structures.\
(**A**,**B**) The CTP-bound ΔP2X~4~-C structure viewed parallel to the membrane (**A**) and from the extracellular side (**B**). (**C**) The omit *F*~*o*~ − *F*~*c*~ map contoured at 4σ, showing the electron density of CTP. CTP is depicted by a stick model. (**D**,**E**) The ATP-bound ΔP2X~4~-C structure viewed parallel to the membrane (**D**) and from the extracellular side (**E**). (**F**) The omit *F*~*o*~ − *F*~*c*~ map contoured at 4σ, showing the electron density of ATP. ATP is depicted by a stick model.](srep45208-f2){#f2}

![Close-up views of the CTP and ATP binding sites.\
(**A**--**D**) Close-up views of the CTP binding site in the CTP-bound ΔP2X~4~-C structure (**A**,**B**), and the ATP binding site in the ATP-bound ΔP2X~4~-C structure (**C**,**D**). Side chains of amino acid residues and nucleoside triphosphates are depicted by stick models. The molecule is colored according to the previously proposed dolphin-like model. Each dotted black line and number indicates a hydrogen bond and its length (\<3.3 Å) respectively. (**E**) Sequence alignment around agonist binding site of P2X receptors. Amino acid sequences were aligned using Clustal Omega (<https://www.ebi.ac.uk/Tools/msa/clustalo/>) and are shown using ESPript3 (<http://espript.ibcp.fr/ESPript/ESPript/>). For the sequence alignment, zebrafish P2X4 (zfP2X4, GI: 12656589) and the following P2X receptors were used: human (hP2X1, 4505545; hP2X2, 25092719; hP2X3, 28416925; hP2X4, 116242696; hP2X5, 209572778; hP2X6, 6469324; and hP2X7, 29294631), rat (rP2X1, 1352689; rP2X2, 18093098; rP2X3, 1030065; rP2X4, 1161345; rP2X5, 1279659; rP2X6, 1279661; and rP2X7, 1322005), Gulf Coast tick (amP2X, GI: 346469461), and blood fluke (smP2X, 51988420).](srep45208-f3){#f3}

![Current responses of ^r^WT, ^r^T186S, ^r^H140A and ^r^H140R evoked by ATP and CTP.\
(**A**,**B**) Representative currents of ^r^WT evoked by ATP (1--300 μM) (**A**) and CTP (10--10,000 μM) (**B**). (**C**,**D**) Representative currents of the ^r^T186S mutant evoked by ATP (1--300 μM) (**C**) and CTP (10--10,000 μM) (**D**). (**E**,**F**) Representative currents of the ^r^H140A mutant evoked by ATP (1--300 μM) (**E**) and CTP (10--10,000 μM) (**F**). (**G**,**H**) Representative currents of the ^r^H140R mutant evoked by ATP (1--300 μM) (**G**) and CTP (10--10,000 μM) (**H**). (**I**--**K**) Concentration-response curves evoked by ATP and CTP in the ^r^WT and the ^r^T186S mutant (**I**), in the ^r^WT and the ^r^H140A mutant (**J**) and in the ^r^WT and the ^r^H140R mutant (**K**). Symbols are defined in the figure, and bars depict means ± SEM (n = 7--9).](srep45208-f4){#f4}

![ATR-FTIR spectroscopic analysis of zfP2X4 for the ATP and CTP bindings.\
(**A**) The reduction of the ligand binding induced difference spectra in the ΔP2X~4~-C ^zf^WT, ^zf^T189S and ^zf^T189V mutants around the P-O stretching region (1250--800 cm^−1^) after washing treatment for 15--30 min. (**B**) The residual nucleotides after the washing treatment estimated from the ATR-FTIR analysis in (**A**).](srep45208-f5){#f5}

![Model for the nucleotide base specificity of P2X receptors.\
(**A**--**D**) Schematic representations of the interactions between zfP2X4 and ATP (**A**), CTP (**B**), GTP (**C**) or UTP (**D**). Residues involved in nucleotide base recognition and each nucleoside triphosphate are depicted by stick models. Black dashed lines and numbers indicate hydrogen bond interactions, and red crosses indicate non-complementary hydrogen bond partners, despite reasonable hydrogen bonding distances.](srep45208-f6){#f6}
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